Abstract. To refine the microstructure and improve the mechanical properties of the metal tubes, a new kind of severe plastic deformation process of the cyclic rotating bending (CRB) process was newly proposed. This study focused on the investigation of evolution of microstructure and mechanical properties of aluminum alloy (6061) tube in the CRB processes with different bending angles and deformation temperatures. The tensile test was employed to evaluate the mechanical properties of the tube after deformation, and Optical Microscopy were utilized for the microstructure characterizations. The results showed that the temperature and bending angle have a strong influence on the mechanical properties and microstructure of the specimens processed by the CRB process. As a result that the aluminum alloy (6061) tube with a grain size of 86 um as well as ultimate tensile strength of 244 MPa and total elongation of 10.05% was successfully obtained with the optimized deformation condition of the CRB process with a temperature of 100 o C and bending angle of 170 o , when the rotation speed and deformation time were fixed at 20rpm and 5min, respectively.
Introduction
Improving the fuel efficiency is an effective way to reduce the environmental impact of using fossil fuel. For this purpose, the use of aluminum alloys hollow structures to decrease the overall weight of the mechanism implemented within the transportation devices has been receiving an increasing attentions. However, the low strength of aluminum alloys has limited their extensive use in industry. On the other hand, the severe plastic deformation (SPD) process has been used to refine the microstructure and improve the mechanical properties of metallic materials. The SPD processes such as Equal Channel Angular Extrusion (ECAE) [1] , Repetitive Side Extrusion [2] , Rotary-die ECAP [3] , Parallel Channel ECAP [4] , Accumulative Roll-Bonding (ARB) [5] , High-Pressure Tube Twisting (HPTT) [6] , and Twist Extrusion (TE) [7] etc. have been used in metallurgy research field. However, the special tools or dies are required to realize these SPD processes. In addition, most of the SPD processes focused on the microstructure refinement of metal bars. To manufacture the metal tube with fine microstructure and good mechanical properties of the authors newly proposed a new SPD process of cyclic rotating bending (CRB) process [8] . The present study focused on investigating the effect of deformation conditions of the CRB process on microstructure and mechanical properties of aluminum alloy (6061) tube. This experiment is intended to pick out the optimized deformation temperature and bending angle of the CRB process for the aluminum alloy tubes.
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Experimental Procedure
The aluminum alloy (6061) tubes with an outer diameters of 10mm, thickness of 2mm and length of 200mm were used in the current study. Fig. 1 shows newly proposed SPD equipment of the CRB process used in this study. The rotation speed of the tube is fixed as 20rpm. The deformation time is 5min for all the samples. As the comparison references, the aluminum alloy tubes were also heat-treated with the same temperatures for 5min. The deformation temperatures of 100 o C, 150 o C and 200 o C were adopted to study the influence of deformation temperature on the microstructure and mechanical properties of aluminum alloy tube. In addition, to clarify the effect of bending angle on the evolution of microstructure and mechanical properties during the deformation process, the bending angles of 154 o , 160 o and 170 o were used in the CRB process. The optical microscope with a type of OLYMPUS BX51M was conducted to observe the microstructure. The grain size of the samples was obtained by the secant method. The tensile properties of the samples were attained with the conventional tensile test with a fixed cross head speed of 2.5mm/s at room temperature. The specimen for the tensile test were prepared according to the standard of GB/T 228.1-2010 with an initial gauge length of 50mm. A universal test machine with a type of SHIMADZU AG-50KN was used in the current study. 
Results and Discussion
Effect of deformation conditions on the microstructure of aluminum alloy tube. Fig. 2(a) -(d) compares OM maps of the specimens subjected to different bending angles of the CRB process with the deformation temperature of 100 o C. As can be seen in Fig.2 (a) , the microstructure of the tube without bending deformation mainly consists coarse grains with an average grain size of 109 µm. From Fig.2 (b) , it can be seen that a few of fine grains have appeared with an average grain size of 86 µm when the bending angle is 170 o , which implied alternation of the microstructure. When the bending angle is 160 o , the average grain size of sample is 103µm. In addition, similar microstructures can be seen for specimens when the bending angle is 154 o as illustrated in Fig.2 (d) . Compared to the tube without deformation, the average grain size of the tubes decreased after the CRB process. As mentioned above, it indicated that the bending angle has a strong influence on the grain size of aluminum tube. When the bending angle is 170 o , the sample with the smallest grain size can be obtained. Effect of deformation conditions on the mechanical properties of aluminum alloy tube. Fig. 4 illustrates the true stress vs. true strain curves of the samples after the CRB processes with different deformation conditions. Fig. 4(a) shows the effect of the bending angles on the mechanical properties of aluminum alloy tubes when the deformation temperature was fixed at 100 o C. The mechanical properties of the aluminum alloy tubes were improved by the CRB process which can be concluded by comparing the true stress vs. true strain curves with the aluminum alloy tube without deformation. 
Summary
The effect of the deformation conditions of the CRB process on the evolution of microstructure and mechanical properties of aluminum alloy tube were studied in the present study. The results show that the temperature and bending angle have a strong influence on the mechanical properties and microstructure of the specimens processed by the CRB. As a result, the aluminum alloy tube with a grain size of 86 um as well as ultimate tensile strength of 244 MPa and total elongation of 10.05% was successfully obtained with the optimized deformation condition of the CRB process with a temperature of 100 o C and bending angle of 170 o when the rotation speed and deformation time were fixed at 20rpm and 5min, respectively.
